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(57) Abstract 



Optical grating fabrication apparatus comprises a phase mask (40) for dividing an incident light beam (30) into a plurality of diffracted 
beams; and a focusing arrangement (60) for receiving light from the phase mask and converging at least two non-zero-order diffracted 
beams together so as to generate an interference region between the converged beams so that a grating structure can be impressed on an 
optical waveguide (80) placed in the interference region; the phase mask and at least a part of the focusing arrangement being moveable 
with respect to one another so as to alter the angle of convergence of the converged beams. 
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FABRICATION OF OPTICAL WAVEGUIDE GRATINGS 

This invention relates to methods and apparatus for fabricating optical 
waveguide gratings. 

5 Optical waveguide gratings, such as optical fibre gratings, can be formed by 

exposing the core of an optical fibre to an interference pattern defining the period of 
the grating. The first experimental demonstration of fibre grating formation in the 
core of an optical fibre was by launching laser light along an optical fibre from an 
Argon- ion laser operating at 514 nm, so that a grating was formed over the entire 
10 length of the fibre. 

More recent techniques have used interference patterns incident on the side of 
the fibre to impress a grating structure on photosensitive regions within the fibre core 
and/or cladding. 

The methods used to generate such an interference pattern have included 
15 prism-interferometers [see publication reference "Broer" cited below], diffraction 

grating / phase-masks [Anderson] and combined phase-mask and prism- 
interferometers [Armitage]. A further development is described in GB-A-2 272 075, 
where a phase mask is imaged onto the fibre core using a lens. 

However, an established problem is that of tuning the pitch of the grating in 
20 the fabrication process - for example, to generate a long (several centimetres or more) 

chirped grating where the pitch varies along the length of the grating. 

This is a very difficult task with an multi-beam interferometer, because the 
coherence length of the writing laser beam makes careful matching of the different 
optical paths critical to maintaining a good visibility of the generated interference 
25 pattern. 

Tuning of the grating pitch from uniform phase masks have been reported 
before from both a phase mask magnification technique [Prohaska] and a tuning 
scheme based on a beam diameter dependant maximum tuning [Cole and 
GB9509874.5]. In both cases the maximum tuning possible is — (about) 10 nm 
30 (nanometres) with the latter system being the more flexible. 

The present invention provides optical grating fabrication apparatus 
comprising: 
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beams; '^T ^ diV ' din8 " ^ ^ 2 ° f " iffrac *° 

a focusing anangement for ^ from ^ 

-vergtng a, ta » non-zero-order diff^o beams together so as ,o generate an 
reg,o„ between me converged beams so that a gcaUng structure can be 
■mpressed on an op,ical waveguide piaced in me imerference region- 

me pbase mask and a. .east a par, of me focusing atrangemen. being moveable 
wnhrespec, ,„ one another so as ,o alter me angie of convergence of me converged 

In the invention, a phase ma* is imaged onto me waveguide using a lens 

rr ro T ,han "* usua ' Mep ° f r,xtas ^ <* - ^ — 

Te Z d , ^ 10 ^ f ° Ca ' ^ ° f te •» normaUy 
be expect for maxtmum mechanica. stabihty of ,he sysrem), me counter-intuitive 
smp is taken of ahering ,be separation of me phase mask and ,ens ,o aiter me angie 
of convergence of me converged beams. The ski„ed man win hnmediareiy L 
understand ma, mis i„ „ m alters te frjnge pftch ^ on ^ 

27nm emb0dtaenB " ' nVe " ,i0n » < ta ™= * »W> of 

27nm, t.e. about three times the best tuning range so far reported 

fibre R ^ adVanBgeS ^ inVe "' i0n C ° mPared "* b 0te teCtoi ^ — » 

It i! mo TT and in panicuIar when used ~ with - 

fib,* ts moved .„ the mterferencc pattern behind me either chirped or uniform phase- 
mask, e g the 'Step and repeaf technique, by 0896,7688.8, are that i, provides no 

electnctty that butlds up between moving glass surfaces. 

the on, " Sing " le,K ' bK ' m "° Wer ^ 66 f ° CUSed ™ re P^-'y onto 

the op,tca, waveguide core of the g rating host rather ^ ^ ^ ^ rf ^ ^ 

OueUette] that the production o, ,o„g phase-masks <>5 cm) is not possibie with 
ontmuous technics, and so step-write e-beam techniques must be emp.oyed Th 
repeat precision between concatenated sections, however, is no, good dough to 
ensure a separation on ,he phase-mask period .hereby introducing periodic 4ch 
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errors' along the length of the phase-mask. Imperfect overlap regions will cause 
phase-shifts that will reduce the quality of the gratings written from such a phase- 
mask. Even scanning along non-stitched phase-mask will limit the grating quality to 
the uniformity in the groove depth pattern of the phase-mask. A variation in the 
5 groove depth of the phase-mask will cause a power fluctuation in the zeroth-order 
hence power fluctuations in the interfering -1st and 1st orders of the phase-mask 
thereby leading to an increased background (dc) level in the grating and a reduction 
in the visibility of interference pattern. All these factors have tended to reduce the 
quality of the gratings produced. In contrast, the invention can avoid or alleviate this 
10 phase-mask grating quality degradation simply because the writing beam position on 

the phase-mask can be kept constant. 

Although the invention can be embodied as a 'free-space' interferometer 
(sometimes perceived as a disadvantage), the invention can in fact be embodied using 
only a single lens to catch and recombine the interfering beams. Furthermore, the 
15 tuning scheme is advantageously simplified because it only includes a relative 

movement of the lens with respect to the phase mask. If this movement is made 
along the direction of the writing beam, the coherence between the two interfering 
beams is not affected. 

The invention also provides an optical grating fabrication method comprising 
20 the steps of: directing a light beam onto a phase mask to divide the light beam into 

a plurality of diffracted beams; converging at least two non-zero-order diffracted 
beams together using a focusing arrangement so as to generate an interference region 
between the converged beams so that a grating structure can be impressed on an 
optical waveguide placed in the interference region; and providing relative movement 
25 between the phase mask and at least a part of the focusing arrangement so as to alter 

the angle of convergence of the converged beams. 

The invention will now be described by way of example only with reference 
to the accompanying drawings in which: 

Figure 1 is a schematic diagram of grating fabrication apparatus according to 
30 an embodiment of the invention; 

Figure 2 is a graph showing theoretical tuning curves for relative lens 
movement; 
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whh a rT, ^ mama " emPiriCa ' "** CU ™ for ' «« •» f - 17 7 «, 
2 fTOd lens P° si ' i0 » «» a moving phased position- 

F.gure 3b iHus.ra.es an empiricai tuning curve for a tens wM, ,= ,,,„ 

with a fixed phase-mask position and a moving lens position' ' 

of a 85^7 ^ ^ ^ iUUStrate emP ' riCal rcfleC " 0n "* Ita * d ^ characteristics 
cm ,o„g finear, chimed fihre grating wiaen wiIh (he 

Referring now to Figure 1, a laser source (eg a UV 
cofihnating ,ens 20 generate a cofiunared heam of 30 ZT " ' 

on a phase mast 40, giving rise ,o so-ca„ed aJJ lst ^".fT 

present expianation). The 0,h order beam propaga.es in the " 

^r: r : te - ist and - * ^ 1 — ~ - 

respect to the incident beam, as illustrated 

- -.s," " ^ ta ^ °' ** — • » - on* 

^ " ^ 00 a " - — - — -nvex 

in a reg^n » "V" ^ °" "* 6 ° « * » '"ens 

— 0 ' aPPmg C ° re (M < *~ "*» «« ""oh a grating „ „ to 
.mpressed) of an opttcal fibre waveguide 80. An interference „,„ . 
between the two beams »„H „ interference patten. ,s formed 

inference ffhjes ' ^ * « "» »** - - 

Apar, from any nation stage (no. shown) which may be used to scan ma 
wntmg beam along the fibre (or vice versa - see GB9617688 « ,„ , 
and/or .he lens fin »„ , <"»617688.8), the phase mask 40 

"ne C 2 ™ ° n 3 ttMS,a ' i ° n » *-» in schematic dotted 
for cbrtty „f the dlagram) whfch ^ ^ 

phase-mlintT" 8 "* fr ° m "» >~ « - 

2 ihe period of the phase-mask is called X pm and the focal 
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length of the lens /. From the literature is known that the angle between the 
diffracted orders through the phase-mask is given by 

6 pm = sin- 1 ^) (1) 

with X, being the wavelength of the light incident perpendicular on the phase-mask. 
The angle between the interfering -1 and 1 order is therefore 26 pm . The period of the 
5 interference is 

A = h— (2) 

2sin(e,J 

The relation between the focal length /, d x and d 2 is according to the imaging equation 
given by 

1 1 1 tVk 

— = — + — (3) 

/ d x a\ 

and therefore in the case of 1:1 imaging of P, in P 2 , d x =d 2 =2f. 

To relate exemplary numbers to the equations presented above a phase-mask 

10 period of 1060 nm and UV-light of wavelength 244 nm is used. From (1) this gives 

a separation angle of 13.31° between the diffracted orders and therefore 26.62° 
between the -1 and 1 order. According to (2) this gives a period of 530 nm of the 
interference pattern. If a standard lens diameter D of 25.4 mm (1 inch) is chosen the 
clear diameter D cl of a lens is typically the centre 85% of the diameter. Hence D cl 

15 is 21.6 mm. The maximum distance from the phase-mask to the lens is d max \ 

t , ft , 2 cl (4) 
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and therefore 



™ 2ta *V (5) 
= 45.6 

According to (3, the n^xton, focaI , eng(h , ^ ^ 
wave Jr" 8 "k Pe,fad ^ imerfering ^ '*« *** <* «« Bragg 

Z „tr T ieved by va,ying ^ disance *• — *« ■> - <-£ 

equation (3) ihe relation of 4 for fixed / and varying d , h 



mm. 



W = —~> d x 6[/;d 1 
j / 1 max J 



4 



(6) 



axis of 1! e t0 CXit ^ ^ " ^ — *«"~ *o m centre- 

2 * " " £nterS * 35 15 ^ ^ ° f ^ approximation the 

relation between 8 pn and *„. see Figure 1 . becomes 

0 

p,ane «T " eXPreSSi ° n " b — in *• *** 

P-ane as fnncUon of 4 nas been obtained, an expression for the Bragg wavelength 
-ng as ^ of detuning from fc „ obuined ^ 

expression becomes ""inea. injs 
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AA B = L— - (8) 



sin(e f J sin(6,J 



where /2 m . e is the average refractive index in the grating. 

Figure 2 shows a graph of equation (8) for different values of / with 
n ave =1.46. From Figure 2 is seen that employing a shorter focal length lens gives 
a higher wavelength shift per unit length change and hence higher precision on the 
tuning of d x is required. 

The maximum detuning to shorter wavelengths is obtained with d } =^? max giving 
the maximum angle between the interfering beams in the imaging plane. In principle 
any Bragg wavelength above the wavelength defined by the phase-mask can be 
achieved by tuning rf, towards /. 

One advantage of this method to tune the pitch of a phase-mask is that the 
width of the interfering beams is no more limited to the approx. 30 /xm diameter 
beam in front of the phase-mask. This diameter is required in order to expose the 
fibre core with the interfering UV coming from the splitting angle of the orders from 
the phase-mask, see (1). 

This method enables the interfering beams to be focused on the fibre core 
instead of on the side of the fibre and therefore have higher fluence in the region of 
interest. Another point is that very wide-band chirped gratings can be fabricated by 
scanning the lens during writing. Furthermore this technique optimises the writing 
of superstructure gratings that often requires grating subsection lengths down to - 
20 /xm. 

Ideally, the translation stage 90 that controls the position of the lens with 
respect to the phase-mask needs a precision of — 1 /xm and should have a maximum 
travel of a few hundred microns in order to make use of the full potential of the 
method. However, less precise stages and/or stages with lesser travels can of course 
be used. 

A collimated beam on the phase-mask is preferred in order to avoid any 
distortion coming from a diverging beam. The latter point can be addressed by 
providing the collimating lens 20 or a collimating telescope in its place before the 
phase-mask. 
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Some of the issues discussed above 



are summarised in the table I below. 



TABLE I 



10 




The numbers in table I are based 



on 



15 



\ m =i060 nm 
A=244 nm 
1^=1.46 

Lens diameter; 25.4 mm 



20 



25 



30 



Figures 3a, 3b, 4a and 4b illustrate empirical results obtained with a prototype 
device according to Figure 1. 

Figures 3a and 3b illustrate two tuning curves obtained for a lens with a focal 
length f =17.7 mm and ^-1057.1 ^ Figure 3a shf)WS a tuning ^ ^ ^ $ 

nm to 1550 nm with a slope of 0.94nm/,0um obtained by moving the phase-mask and 
keepmg the lens in a fixed position. Figure 3b shows a tuning range from 1522 nm 
to 1549 nm with a slope of 0.92 nm/lOum obtained by moving the lens and for fixed 
phase-mask position. 

Figures 4a and 4b illustrate empirical reflection and time delay characteristics 
of a hnearly chirped fibre grating written with the interferometer of Figure 1. The 
gratmg is 85 cm long has a 3 nm bandwidth and is written using 1 00 mW of CW UV 
light from a frequency doubled Ar-ion laser. The grating is written in a D.loaded 
high NA (0.2) fibre. 

The advantage of using a bi-convex lens to catch and recombine the diffracted 
orders from the phase mask is that it is known as the 'best form" for 1:1 imaging. 
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This because it does not introduce any aberrations. Furthermore the embodiment is 
simple and robust it employs only one lens element within the interferometer. 
Moreover, by blocking the transmitted Oth order beam from the phase mask a better 
visibility is obtained in the interference pattern between the interfering -1 and 1 orders. 
5 Certain precautions can be taken into account in order to further improve the 

performance of the interferometer of Figure 1. One of these is that the best results are 
expected to be obtained when the interference point in the imaging plane is composed 
of plane waves. This is obtained by focusing the collimated writing beam on to the 
phase mask with a lens that has exactly twice the focal length to that of the 

10 interferometer lens itself. 

The apparatus of Figure 1 has been used to produce an 85 cm long chirped 
fibre grating written with an interferometer with a 1 inch diameter lens to show the 
practicality of such a device in terms of the compactness (a prototype device length 
of just - 7 cm), but the skilled man will of course appreciate that interferometers with 

15 bigger lenses might be more practical for specific purposes, where the reduced 

tolerance on the tuning of the Bragg wavelength from bigger lenses might be 
perceived as an advantage. 

The apparatus, as mentioned above, lends itself to use with a system such as 
that described in GB961 7688.8, namely a technique involving fabricating an optical 

20 waveguide grating having a plurality of grating lines of refractive index variation, the 

and comprising the steps of: 

(i) repeatedly exposing a spatially periodic writing light pattern onto a 
photosensitive optical waveguide; and 

(ii) moving the writing light pattern and/or the waveguide between successive 
25 exposures of the writing light pattern, so that each of at least a majority of the grating 

lines is generated by at least two exposures to different respective regions of the 
writing light pattern. 

In such a technique, the apparatus and methods described earlier can easily be 
used to provide a writing light beam of varying grating pitch. The movement between 
30 the writing beams and the waveguide can be achieved by one or more translation 

stages or possibly by tilting the lens 60. 
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CLAIMS 

'• Optical grating fabrication apparatus comprising- 

beam, "JT ^ " ^ " "* ^ h » * * *«— 

a. leas, " reCeiVi " 8 "* *» *» «*- »»* - -verging 

gton be ween fc ^ ^ ^ ^ 

an ophca, waveguide pl aced in A. interference region- 

w, h ^1:? : d at ,east a pm ° f - — »- — * 

beams one anotber so as to aiter me ang,e of convergence of me converged 

a smgie 1~ ^ ' ^ h ^ * — — «— * 

3- Apparams according ,„ Cairn 2, in which the lens is a biconvex spherical len, 

4- Apparams according to any one of claims 1 to 3 c i - 

™ 8 eme„, for subsranrially colllmating rbe beam '^LZZZ. ^ 

* Apparams according to claim 4 as dependen, „„ Cairn 2 or Cairn 3 in which 

1 , , APParatUS aCCOrdiDg '° "> °" e ° f « he "—a* comprising a 

Matron apparatus for providing r e lat ive rranslarion of the gra in g fabnW 
appararus and an optica, waveguide in which a grating „ „ b J£Z. ^ Z 
■nterference regron can be incident on differen, porrions of me apnea, waveguil 

Apparams according to any one of the preceding claims in wV „ u 
waveguide is an oprica, fibre waveguide. "* 
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8. Apparatus according to any one of the preceding claims, the apparatus 
comprising means for repeatedly exposing the interference region onto the waveguide; 
and 

means for moving the interference region and/or the waveguide between 
successive exposures of the writing light pattern, so that each of at least a majority of 
the grating lines of the waveguide grating is generated by at least two exposures to the 
interference region. 

9. An optical grating fabrication method comprising the steps of: 

directing a light beam onto a phase mask to divide the light beam into a 
plurality of diffracted beams; 

converging at least two non-zero-order diffracted beams together using a 
focusing arrangement so as to generate an interference region between the converged 
beams so that a grating structure can be impressed on an optical waveguide placed in 
the interference region; and 

providing relative movement between the phase mask and at least a part of the 
focusing arrangement so as to alter the angle of convergence of the converged beams. 
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